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ABSTRACT 
Terahertz spectral range (frequencies of 0.1-1 THz) has recently emerged as the next frontier 
for non-destructive imaging, industrial sensing and ultra-fast wireless communications. Here, 
we review several classes of materials such as simple metals, semiconductors, high-k 
dielectrics, polar materials, zero gap materials, as well as structured materials that can support 
strongly localised electromagnetic modes at material interfaces in the Terahertz spectral range. 
We present the basic theory of surface waves, detail the requirement of strong modal 
confinement and low loss for the surface waves propagating at material interfaces and discuss 
challenges for excitation of such modes at Terahertz frequencies. A large number of examples 
related to naturally occurring and artificial materials is then presented. A variety of practical 
applications is envisioned for surface waves at Terahertz frequencies including non-destructive 
super-resolution imaging and quality control, high sensitivity sensors capable of operation with 
small volumes of analytes that are opaque in the visible and near-infrared, as well as design of 
compact optical circuit for the upcoming ultra-high bitrate THz communication devices. 
INTRODUCTION 
The extreme spatial confinement of the surface plasmon polaritons in the visible 
spectral range leads to a revolution in several application domains [1]. For example, 
plasmons play a major role in various surface sensing applications due to plasmon deeply 
 
 
sub-micron modal size [2, 3]. Additionally, plasmonic modes are promising for super-
resolution imaging applications [4, 5]. Finally, plasmonic modes promise to bring great 
advances in integrated optical circuits for communications and other photonic applications 
as plasmon strong confinement allows to drastically reduce the size of photonic chips [6, 
7]. Recently, THz spectral range (frequencies of 0.1-1 THz, wavelengths of 3mm-0.3mm) 
emerged as the next frontier for non-destructive imaging and ultra-fast wireless 
communications [8, 9]. Particularly, due to the relative transparency of dry dielectrics to 
THz radiation, many applications in non-destructive quality monitoring and packaging are 
envisioned. Moreover, the push to 5G and faster wireless networks demands development 
of the integrated optical circuits operating at THz frequencies. All these practical 
applications can benefit from tightly confined subwavelength modes like plasmons. 
Unfortunately, in the THz spectral range, generation of highly confined modes on metal 
surfaces proved to be challenging due to material limitations of metals, thus resulting in 
plasmon-polaritons that are highly delocalized and extend by 100-1000 wavelengths into 
the dielectric region. 
The goal of the paper is to review alternative materials that could allow surface-
bound electromagnetic modes with subwavelength confinement at THz frequencies. As 
argued in the paper, various semiconductors, polaritonic materials, zero-gap materials, 
high permittivity material and metamaterials can support deeply subwavelength THz 
surface states on their surfaces, thus enabling many of the same applications in imaging, 
communications and sensing that proved ground breaking when using surface plasmon-
polaritons in the visible/near-IR. 
THEORY OF SURFACE WAVES 
Interaction between electromagnetic (E&M) waves and free charge carriers can 
yield surface plasmon-polariton (SPP) excitation at the metal or semiconductor / dielectric 
interfaces, while interaction of E&M waves with lattice vibrational modes lead to surface 
phonon-polaritons at the polar media/dielectric interface. Moreover, well-confined 
surface-bound E&M states can be excited at the interface with a high-k dielectric having 
high material losses, which are known as a Zenneck surface waves. Finally, surface waves 
can be excited at the interface with a naturally occurring or artificially structured 
anisotropic media, in which case such waves are known as Dyakonov surface waves. Each 
one of these surface waves has its advantages and limitations and require a particular set 
of material properties for their excitation. Moreover, due to variation of the material 
properties with frequency, such surface waves can have completely different optical 
properties depending on the frequency range of operation. In this work we focus 
specifically on surface waves in the THz spectral range.  
 
Figure 1. Schematic of an interface between two materials that guides a TM polarised surface wave. 
 
 
We first review the necessary conditions for the excitation of surface waves at 
the interface between two distinct materials, one of them being lossless dielectric with 
positive dielectric permittivity 𝜀𝑑 and another material with dielectric permittivity 𝜀𝑚 that 
can have either negative real part (metal, semiconductor, polar media just above the 
resonance) or positive real part (polar media just below the resonance, high-k dielectric). 
Fig. 1 shows planar interface between two materials (OXY plane), and a TM-polarised 
electromagnetic (E&M) wave that has the only component of its magnetic field directed 
along the OY axis.  
On either side of the interface we assume a single TM polarized planewave of 
frequency 𝜔 and the corresponding E&M wavevectors 𝒌𝒅,𝒎 = (𝑘𝑥, 0, 𝑘𝑧
𝑑,𝑚). The 
corresponding magnetic and electric fields on either side of the interface are given by: 
 
 𝑯𝒅,𝒎(𝒓, 𝑡) = ?̂?𝐻𝑑,𝑚𝑒
𝑖𝒌𝒅,𝒎𝒓−𝑖𝜔𝑡 (1) 
 𝑬𝒅,𝒎(𝒓, 𝑡) =
𝑯𝒅,𝒎(𝒓,𝑡)×𝒌𝒅,𝒎
𝜀𝑑,𝑚𝑘0
, (2) 
where 𝑘0 = 𝜔/𝑐 = 2𝜋/𝜆, and the wavevectors satisfy the standard dispersion relations: 
 
 𝒌𝒅,𝒎
𝟐 = 𝜀𝑑,𝑚𝑘0
2 = 𝑘𝑥
2 + (𝑘𝑧
𝑑,𝑚)
2
 (3) 
The E&M field components parallel to the interface must be continuous across 
the interface (?̂?𝑯𝒅(0, 𝑡) = ?̂?𝑯𝒎(0, 𝑡); 𝑥𝐸𝑑(0, 𝑡) = 𝑥𝐸𝑚(0, 𝑡)), thus leading to the 
following equation for the 𝑘𝑧
𝑑,𝑚
: 
 
 
𝑘𝑧
𝑑
𝜀𝑑
−
𝑘𝑧
𝑚
𝜀𝑚
= 0 (4) 
Using dispersion relations (3), as well as definition of the modal effective 
refractive index 𝑘𝑥 = 𝑛𝑒𝑓𝑓𝑘0, equation (4) admits a simple analytical solution for the 
surface mode dispersion relation: 
 
 𝜀𝑒𝑓𝑓 = 𝑛𝑒𝑓𝑓
2 =
𝜀𝑑𝜀𝑚
𝜀𝑑+𝜀𝑚
   ;    (𝑘𝑧
𝑑,𝑚)
2
= 𝑘0
2 (𝜀𝑑,𝑚)
2
𝜀𝑑+𝜀𝑚
 (5) 
While (5) is a solution of (4), it does not necessarily describe a bound surface 
state as (4) is just a condition of E&M field continuity across the interface. In order for (5) 
to describe a surface state, one must require that the electromagnetic fields are decaying 
away from the interface (evanescent fields), which amounts to additional requirements: 
 
 Im(𝑘𝑧
𝑑) < 0   ;   Im(𝑘𝑧
𝑚) > 0 (6) 
and define exponentially decaying fields in both media. Finally, for a surface bound state 
we define its propagation length 𝐿𝑥, as well as its extents into a dielectric 𝐿𝑑, and a second 
material 𝐿𝑚 as characteristic distances over which the E&M fields decay by the factor 𝑒: 
 
 𝐿𝑥 =
1
Im(𝑘𝑥)
   ;    𝐿𝑑,𝑚 =
1
∓Im(𝑘𝑧
𝑑,𝑚)
 (7) 
 
 
Now we detail several types of surface states propagating at the interface between 
a classic lossless dielectric with 𝜀𝑑 > 0 and a second material that can be either a metal, a 
polar material, a zero-gap mterial, or a lossy high-k dielectric. Particularly, in case of 
simple Drude metals and semiconductors their frequency dependent dielectric constant is 
described as [10]: 
 
  𝜀𝑚(𝜔) = 1 −
𝜔𝑝
2
𝜔2+𝑖𝛾𝜔
, (8) 
where 𝜔𝑝 is a plasma frequency and 𝛾 is a damping coefficient. Similarly, dielectric 
constant of many polar materials near the resonance frequency 𝜔0 can be described using 
the Lorentz model: 
 
  𝜀𝑚(𝜔) = 1 −
𝜔𝑝
2
𝜔2−𝜔0
2+𝑖𝛾𝜔
, (9) 
while lossy high-k dielectrics are characterised by 𝜀𝑚 = 𝜀𝑚
′ + 𝑖𝜀𝑚
′′ , where 𝜀𝑚
′ ≫ 1. 
Lossless materials 
We first consider the case of ideal (lossless) materials 𝛾 = 0 operating at 
frequencies where their dielectric constant is negative so that the two following conditions 
are satisfied 𝜀𝑚 < 0 and 𝜀𝑑 + 𝜀𝑚 < 0. In this case, the surface mode effective dielectric 
constant as given by (5) is purely real and positive 𝜀𝑒𝑓𝑓 > 𝜀𝑑. For metals and polar 
materials, this limits the operation frequency to: 
 
  Metals: 𝜔 <
𝜔𝑝
√1+𝜀𝑑
   ;    Polar materials: 𝜔0 < 𝜔 < √𝜔0
2 +
𝜔𝑝
2
1+𝜀𝑑
 (10) 
At such frequencies, the OZ components of the two wavevectors are purely 
imaginary and their imaginary parts have the opposite signs: 
 
  𝑘𝑧
𝑑,𝑚 = ∓𝑖𝑘0
|𝜀𝑑,𝑚|
√|𝜀𝑚|−𝜀𝑑
, (11) 
thus defining a true surface state, which is called a surface plasmon-polariton in case of 
metals and surface phonon-polariton in case of polar materials. Electromagnetic fields of 
such a surface state decay exponentially fast away from the interface. The surface mode 
propagation length 𝐿𝑥 is infinite as 𝑛𝑒𝑓𝑓  is purely real, while the surface mode extents into 
a dielectric 𝐿𝑑, and a material 𝐿𝑚 are given by (7): 
 
  𝐿𝑑,𝑚 =
𝜆
2𝜋
√|𝜀𝑚|−𝜀𝑑
|𝜀𝑑,𝑚|
 (12) 
Note that plasmon-polariton or phonon-polariton extents into the two media 
become deeply subwavelength 𝐿𝑑,𝑚 ≪ 𝜆 when |𝜀𝑚|~𝜀𝑑, which happens near the following 
frequencies: 
  Metals: 𝜔 ∼
𝜔𝑝
√1+𝜀𝑑
   ;    Polar materials: 𝜔 ∼ √𝜔0
2 +
𝜔𝑝
2
1+𝜀𝑑
 (13) 
 
 
In figure 2 we present a typical loss-less surface plasmon-polariton dispersion 
relation as well as dependence of its penetration depths into a dielectric and metal as a 
function of frequency. The surface plasmon-polariton extent into metal is always deeply 
subwavelength 𝐿𝑧
𝑚 ≪ 𝜆, while its extent into dielectric is generally comparable or even 
smaller than the wavelength of light 𝐿𝑧
𝑑 < 𝜆 at higher frequencies. 
 
Figure 2. Dispersion relation and fundamental properties of a lossless surface plasmon-polariton (𝑛𝑑 = 1.33). (a) Band 
diagram of a surface plasmon. Insert: 𝑆𝑥 energy flux of a plasmon at 𝜔 = 0.4𝜔𝑝. Optical properties of a plasmon: (b) 
Effective refractive index, (c) Penetration depth into dielectric, (d) Penetration depth into metal. 
 
In figure 3 we present similar results for a surface phonon-polariton, and arrive 
to a similar conclusion that somewhat above the resonant frequency 𝜔0, the surface 
phonon-polariton extent into polar material is always deeply subwavelength 𝐿𝑧
𝑚 ≪ 𝜆, 
while its extent into dielectric is generally comparable or even smaller than the wavelength 
of light  𝐿𝑧
𝑑 < 𝜆 at higher frequencies. 
Figure 3. Dispersion relation and fundamental properties of a lossless surface phonon-polariton (𝑛𝑑 = 1.33, 𝜔0 = 0.2𝜔𝑝). 
(a) Band diagram of a surface phonon-polariton. Insert: 𝑆𝑥 energy flux of a phonon-polariton at 𝜔 = 0.4𝜔𝑝. Optical 
properties of a phonon-polariton: (b) Effective refractive index, (c) Penetration depth into dielectric, (d) Penetration depth 
into polar medium. 
 
 
Lossy materials, case of simple metals at THz frequencies 
When material losses are small: 
 
  Metals: 𝛾 ≪
𝜔𝑝
√1+𝜀𝑑
   ;    Polar materials: 𝛾 ≪ √𝜔0
2 +
𝜔𝑝
2
1+𝜀𝑑
− 𝜔0, (14) 
conclusions drawn in the case of lossless materials will still hold virtually unchanged, 
while corrections to the modal optical properties could be found using perturbative 
expansions with respect to the imaginary part of the dielectric constant. In some cases, 
however, material losses cannot be ignored as imaginary part of the material dielectric 
constant can be comparable or larger than its real part. This is notably the case of Drude 
metals at very low frequencies 𝜔 ≪ 𝛾 operating in the THz and microwave spectral ranges. 
At such frequencies, metal dielectric constant is essentially purely imaginary: 
 
  𝜀𝑚(𝜔) ≈ 𝑖
𝜔𝑝
2
𝛾𝜔
 (15) 
Remarkably, even at very low frequencies a well define surface state with 
complex dispersion (5) still exists. By substituting (15) into (5) the following expression 
for the surface plasmon-polariton dispersion relation in the THz range can be found: 
 
  𝑛𝑒𝑓𝑓 ≈ 𝑛𝑑 +
𝑛𝑑
3
2
(
𝜔
𝜔𝑝
)
2
+ 𝑖 ⋅
𝑛𝑑
3 𝜔𝛾
2𝜔𝑝
2  (16) 
As an example, in figure 4 we plot properties of a surface plasmon-polariton 
propagating at the gold/air interface and observe that while the surface state shows very 
low loss (long propagation distances) 𝐿𝑥 ≫ 𝜆, at the same time, it is highly delocalized 
into the dielectric material 𝐿𝑧
𝑚 ≫ 𝜆. Here we used for gold 𝜔𝑝 = 2𝜋 ∙ 2175 𝑇𝐻𝑧 and 𝛾 =
2𝜋 ∙ 6.48 𝑇𝐻𝑧 [12]. 
 
Figure 4. Far-IR spectral range: plasmon propagating at the gold / air interface. (a) Dielectric constant of gold as a function 
of wavelength. (b) Real part of the plasmon effective refractive index as a function of wavelength. (c) Plasmon propagation 
length and plasmon penetration depths into dielectric and metal regions. 
 
 
 
Lossy high-k dielectrics 
A lossy surface-bound E&M state (also known as a Zenneck wave) can be 
excited at the interface between two distinct dielectrics both having positive real parts of 
the dielectric constants. In what follows we assume that one dielectric is lossless 𝜀𝑑 > 0, 
while another is a high-k lossy dielectric 𝜀𝑚 = 𝜀𝑚
′ + 𝑖𝜀𝑚
′′ , where 𝜀𝑚 ≫ 𝜀𝑑. One can then 
use directly expressions for the modal effective refractive index (5) and modal extents into 
the dielectric materials (7), while choosing the signs of the transverse wavevectors in both 
media to satisfy the surface-bounded wave condition (6). Resultant expressions can be 
further simplified in the limit Im(𝜀𝑚) ≪ Re(𝜀𝑚), which is the case for most high-k 
dielectrics to obtain the following expressions for the modal propagation distance (limited 
by material losses), and modal extents into the two dielectrics: 
 
  𝐿𝑑 ≈
𝜆
𝜋
√𝜀𝑑
𝜀𝑚
′′ (1 +
𝜀𝑚
′
𝜀𝑑
)
3
2
 (17) 
  𝐿𝑚 ≈
𝐿𝑑
2+𝜀𝑚
′ 𝜀𝑑⁄
 (18) 
   𝐿𝑥 ≈ 𝐿𝑑√
𝜀𝑚
′
𝜀𝑑
 (19) 
From these expressions we note that in the case of high-k dielectrics 𝜀𝑚
′ ≫ 𝜀𝑑, Zenneck 
wave is well defined as its propagation distance is much larger than the modal extents into 
both dielectrics 𝐿𝑥 ≫ 𝐿𝑚,𝑑. At the same time, modal extent into the high-k dielectric is 
much smaller than that into the lossless dielectric 𝐿𝑚 ≪ 𝐿𝑑. At the same time, achieving 
strong confinement of Zenneck waves near the surface is somewhat problematic due to 
inverse dependence of its transverse size on the loss of a high-k dielectric. Nevertheless, 
as it follows from the further analysis of (17) and (5,7) by using high-k dielectrics with 
high materials losses Im(𝜀𝑚)~Re(𝜀𝑚) allows modal sizes in the 𝐿𝑑~2 − 10 ∙ 𝜆 range, thus 
making lossy high-k dielectrics viable candidates for surface wave excitation. 
ENABLING MATERIALS REVIEW 
 In what follows we review several classes of materials beyond simple Drude 
metals and study their potential for guiding strongly localized surface modes in the 
Terahertz frequency range. In this work we concentrate mostly on the uniform 
homogeneous materials which are the simplest to process and shape into desired devices, 
while only mentioning artificially structured materials (metamaterials) in passing due to 
complexity of their fabrication. 
Semiconductors 
First, we consider semiconductor materials which are directly analogous to 
metals and can often be described using a simple Drude model (8). However, their plasma 
frequency generally expressed as: 
 
 
 
 𝜔𝑝 = √
𝑒2𝑁
𝜀0𝑚
∗ (20) 
is significantly lower than that of the metals due to lower concentrations of the free carriers 
𝑁. Ideally, we look for materials that have plasma frequency as close to the THz spectral 
range as possible, while also having relatively small absorption loss that satisfy (14). Under 
these conditions, such materials will support tightly localised surface states in THz that are 
directly analogous to plasmon-polaritons in the visible spectral range. 
As an example, the InSb which can support highly confined surface plasmon 
mode has a plasma frequency of 7.32 THz [11]. Moreover, semiconductor conductivity 
proprieties can be tuned via adjustment of the free carrier concentrations using temperature 
or doping. Also, magnetic fields can be used to modulate electrical and optical proprieties 
of magneto-optical materials [12]. 
The dependency of the dielectric function of semiconductors on the carrier 
concentration, effective mass and the damping coefficient, together with an ability of 
adjustment of their properties via design, make semiconductors promising materials for 
surface wave excitation in THz spectral range. To illustrate these relations, we present in 
table I parameters of a n-type and a p-type GaAs films as reported [13]. 
 
Table I: Drude parameters for n-type and p-type GaAs films. 
GaAs m* (m0) N (cm
-3) 𝜏 (s) 𝜔𝑝/2𝜋 (THz) 𝛾/2𝜋 (THz) 
n-type 0.079 4.48 × 1018 8.47 × 10-14 67.62 1.879 
p-type 0.34 1.15 × 1018 2.51 × 10-14 16.51 6.341 
 
In figure 5 we plot the complex dielectric function for the n-type and p-type GaAs 
films along with the expected plasmon propagation length and penetration depths into air 
and semiconductor. We observe that the penetration depth of the electric field in air is 
smaller for the p-type (which has plasma frequency closer to Terahertz spectral range) than 
for the n-type. Thus, in this particular example, the p-type is a more suitable material for 
the design of devices where strong confinement of the electric field is required. 
Figure 5. Dielectric function of (a) n-type and (b) p-type GaAs films following Drude model. Propagation length of the 
mode 𝐿𝑥 and its penetration depth into air 𝐿𝑑 and GaAs 𝐿𝑚 for (c) n-type and (d) p-type. 
 
 
Polar materials 
Next, we consider polar materials, which are characterised by the complex 
dielectric permittivity that depend also on the intermolecular and intramolecular resonance 
frequencies. The Lorentz model is typically used to model the frequency response of the 
dielectric function of polar materials [14]: 
 
  𝜀̃(𝜔) = 𝜀∞ [1 −
𝜔𝑝
2
𝜔2−𝜔0
2+𝑖𝛾𝜔
], (21) 
where 𝜀∞ is the dielectric constant at high frequency, 𝜔𝑝 is the plasma frequency, 𝜔0 is a 
resonance frequency and 𝛾 is the damping coefficient. The real and imaginary parts of the 
dielectric constant (21) can be expressed as:  
 
  𝑅𝑒(𝜀̃(𝜔)) = 𝜀∞ [1 −
𝜔𝑝
2 (𝜔2−𝜔0
2)
(𝜔2−𝜔0
2)
2
+𝛾2𝜔2
] (22) 
 𝐼𝑚(𝜀̃(𝜔)) =
𝜀∞𝜔𝑝
2 𝛾𝜔
(𝜔2−𝜔0
2)
2
+𝛾2𝜔2
 (23) 
For such polar materials, the real part of the permittivity can be negative near the 
resonance frequency 𝜔 > 𝜔0. As the nature of the resonance, especially at THz 
frequencies, is often related to the vibrational movements of macromolecules or material 
domains, then resultant surface waves can be called phonon-polaritons. The table II 
summarizes Lorentz parameters for some polar materials: 
 
Table II: Lorentz parameters for various polar materials. 
Material 𝜀∞ 𝜔0/2𝜋 (THz) 𝜔𝑝/2𝜋 (THz) 𝛾/2𝜋 (THz) 
PVDF [15] 2.0 0.3 1.47 0.1 
D-Glucose [16] 2.940 1.446 0.037 0.021 
SrTiO3 [17] 8.528 2.632 15.77 0.6 
LiNbO3 (ordinary) [18] 13.2 4.53 6.99 0.51 
LiNbO3 (extraordinary) [18] 20.6 3.87 2.04 0.69 
LiTaO3 (ordinary) [18] 13.4 4.23 6.12 0.15 
LiTaO3 (extraordinary) [18] 8.4 5.96 11.63 0.34 
 
In figure 6 we show the dielectric properties of the PVDF along with the expected 
propagation distance and penetration depths in the air and the material. We observe that 
the modal size in the dielectric is smaller for frequencies closer to the upper limit operation 
frequency where phonon-polariton can be excited. We also note that at frequencies right 
below the resonance, polar material dielectric constant can have very large and positive 
values of both their real and imaginary parts, which is similar to the case of lossy high-k 
dielectrics. Therefore, right below the resonance, polar materials support Zenneck waves, 
while above the resonance they support phonon-polaritons. 
 
 
Figure 6. (a) Dielectric function of PVDF following Lorentz model. (b) Propagation length of the mode 𝐿𝑥 and its 
penetration depths into air 𝐿𝑑 and PVDF 𝐿𝑚. 
Zero-gap materials 
Zero-gap materials are semiconductors where the conduction and valent band 
edges meet at the Fermi level [19]. Here, the electrons can easily change state to fill empty 
bands. Therefore, these materials are extremely sensitive to external influences such as 
pressure and magnetic field. The graphene, which consists of a 2D hexagonal arrangement 
of carbon atoms, is a great example of a zero-gap semiconductor. This material, which can 
be tuned by magnetic field and chemical doping, could lead to the development of many 
new electronic devices [20]. The dielectric function of a monolayer of graphene is given 
by [21]: 
 
  𝜀̃(𝜔) = 1 −
1
𝜋ℏ2𝜀0𝑡𝑔
𝑒2𝜇
𝜔(𝜔+𝑖𝜏−1)
, (24) 
where 𝑡𝑔 = 0.34 nm is the thickness of the graphene monolayer, µ is the chemical potential 
and 𝜏 is the scattering rate. In figure 7 we plot the dielectric properties in the THz spectral 
range of a doped monolayer graphene film of 𝜇 = 0.135 eV and 𝜏 = 1.35 × 10−13 𝑠 [22]. In 
contrast to simple metals, real part of the graphene dielectric constant is larger (in absolute 
value) that its imaginary part for most of the THz spectral range. The plasmon-polariton 
confinement increases with frequency and modal size becomes commensurable with THz 
wavelength at higher frequencies ~3THz. Moreover, the modal size in the monolayer is 
extremely low, thus resulting in very long plasmon propagation distance. 
 
 
Figure 7. (a) Dielectric function of a doped monolayer of graphene. (b) Propagation length of the mode 𝐿𝑥 and its 
penetration depth into air 𝐿𝑑 and graphene 𝐿𝑚. 
Lossy high-k dielectrics 
As shown in the theory section, at the interface with a lossy high-k dielectric that 
has imaginary part comparable to its real part, one can excite a well confined lossy surface 
state. As an example, in figure 8 we present optical properties of the 0.4Ba0.6Sr0.4TiO3-
0.6La(Mg0.5Ti0.5)O3 (BST-LMT) ceramic as reported [23], as well as optical properties of 
a Zenneck wave that can propagate at the ceramic/air interface. More generally, high-k 
dielectrics are relatively abundant in the form of various oxides and ceramics, including 
those that have relatively high imaginary parts of their dielectric constant comparable to 
their real parts.  
Figure 8. (a) Dielectric function of BST-LMT at room temperature. (b) Propagation length of the surface mode 𝐿𝑥, and its 
penetration depth into air 𝐿𝑑 and high-k dielectric 𝐿𝑚. 
 
 
Here, we observe that the modal penetration into BST-LMT is subwavelength at 
all frequencies 𝐿𝑚~𝜆. Moreover, despite the relatively large modal extent into air 𝐿𝑑~10 ∙
𝜆, the modal propagation length is considerably longer that the modal size 𝐿𝑥~70 ∙ 𝜆 ≫
𝐿𝑑, thus a well-defined surface state can be achieved at the high-k dielectric/air interface. 
Artificially structured materials (metamaterials) 
So far, we covered several types of natural homogeneous materials able to 
support subwavelength modes such as semiconductors, polar materials, zero-gap materials 
and high permittivity materials. At the same time, highly confined modes in Terahertz 
range can also be obtained by using structured materials [24]. One type of such structured 
materials features a periodic array of subwavelength-size grooves inscribed onto a planar 
metallic slab in air. Thus, for a 1D array of grooves of width 𝑎, depth ℎ and lattice constant 
𝑑 (period), dispersion relation of the fundamental surface mode supported by such a 
material (also known as spoof surface plasmons) in the limit 𝜆 ≫ 𝑑, is given by [25]: 
 
  𝜀𝑒𝑓𝑓(𝜔) = 1 + (
𝑎
𝑑
tan (
𝜔ℎ
𝑐
))
2
 (25) 
while the modal extent into air and its approximation in case of subwavelength ℎ is given 
by: 
 
  𝐿𝑑 =
1
Im(𝑘𝑧
𝑑)
=
𝜆
2𝜋
(
𝑎
𝑑
tan (2𝜋
ℎ
𝜆
))
−1
~ (
𝜆
2𝜋
)
2 𝑑
𝑎ℎ
 (26) 
Note that from (28) it follows that the modal extent into air becomes 
subwavelength for deeper grooves  ℎ >
𝑑
𝑎
𝜆
(2𝜋)2
. Figure 9 shows dispersion relations of the 
fundamental spoof surface plasmon and its size in the air for various groove geometries.  
Figure 9. Dispersion relation of a spoof surface plasmon supported by a planar perfect conductor with periodic grooves 
with 𝑎 = 0.2𝑑 . (a) Dispersion relation as a function of the groove depth h. (b) Modal penetration depth into air as a function 
of the groove depth.  
 
 
 
At macroscopic scale, this structured material (or metamaterial / effective 
medium) is analogues to a homogeneous medium able to confine electromagnetic surface 
waves and can also be interpreted as an artificial metal with a modified plasma frequency 
[26]. Many other structured materials can be engineered to support propagation of surface 
plasmon-polaritons-like modes, including 2D patterned and 3D patterned metals [27, 28], 
helically grooved metal wires [29] as well as dielectric based metamaterials [30]. 
Moreover, more exotic waves known as Dyakonov waves can be realised at the interface 
with anisotropic materials which in THz frequency can be, for example, in the form of 
periodic multilayers of two different materials featuring a deeply subwavelength period 
(see, for example, [10] for analysis of anisotropic metamaterials in the form of all-dielectric 
and metal/dielectric planar periodic multilayers with subwavelength period). 
CONCLUSION 
In this paper we review several classes of materials such as simple metals, 
semiconductors, polar materials, zero gap materials, lossy high-k dielectrics as well as 
structured materials that can support strongly localised electromagnetic surface states in 
the THz spectral range. We review the basic theory of such waves and present a large 
number of examples related to naturally occurring and artificial materials. A variety of 
practical applications is envisioned for such surface waves in THz spectral range including 
non-destructive super-resolution imaging and quality control, high sensitivity sensors 
capable of operation with analytes of subwavelength size/thickness, as well as compact 
optical circuit for the upcoming ultra-high bitrate THz communications. 
REFERENCES 
1. W. L. Barnes, A. Dereux and T. W. Ebbesen, Nature 424, 824-830 (2003). 
2. J. Homola, S. S. Yee and G. Gauglitz, Sensors and Actuators B54, 3-15 (1999). 
3. J. Homola, Sensors and Actuators B29, 401-405 (1995). 
4. B. Huang, F. Yu and R. N. Zare, Anal. Chem.79, 2979-2983 (2007). 
5. N. C. Lindquist, A. Lesuffleur, H. Im and S.-H. Oh, Lab Chip 9, 382-387 (2009). 
6. C. Haffner, W. Heni, Y. Fedoryshyn, J. Niegemann, A. Melikyan, D. L. Elder, B. Baeuerle, Y. 
Salamin, A. Josten, U. Koch, C. Hoessbacher, F. Ducry, L. Juchli, A. Emboras, D. 
Hillerkuss, M. Kohl, L. R. Dalton, C. Hafner and J. Leuthold, Nature photonics 9, 525-
528 (2015). 
7. C. Jung, S. Yee and K. Kuhn, Applied Optics 34, 946-949 (1995). 
8. H. Guerboukha, K. Nallappan and M. Skorobogatiy, Adv. Opt. Photonics 10, 843 (2018). 
9. J. Federici and L. Moeller, J. Appl. Phys 107, 111101 (2010). 
10. M. Skorobogatiy, Nanostructured and Subwavelength Waveguides: Fundamentals and 
Applications, (John Wiley & Sons, 2012) pp. 185-204. 
11. T. H. Isaac, W. L. Barnes and E. Hendry, Appl. Phys. Lett. 93, 241115 (2008). 
12. J. Chochol, K. Postava, M. Čada, M. Vanwolleghem, L. Halagačka, J.-F. Lampin and J. Pištora, 
AIP Advances 6, 115021 (2016). 
13. N. Matsumoto, T. Hosokura, T. Nagashima and M. Hangyo, Opt. Lett. 36, 265-267 (2011) 
14. X. C. Zhang and J. Xu, Introduction to THz Wave Photonics, (Springer, Boston, 2010) pp. 71-
95. 
15. T. Hidaka, H. Minamide, H. Ito, J. Nishizawa, K. Tamura and S. Ichikawa, J. Lightwave 
Technol. 23, 2469-2473 (2005). 
16. P. Sun and Y. Zou, Opt. Quant. Electron 48, 27 (2016). 
17. N. Matsumoto, T. Fujii, K. Kageyama, H. Takagi, T. Nagashima and M. Hangyo, Jpn. J. Appl. 
Phys 48, 09KC11 (2009). 
18. M. Schall, H. Helm and S. R. Keiding, International Journal of Infrared and Millimeter Waves 
20, 595-604 (1999). 
 
 
19. X. L. Wang, S. X. Dou and C. Zhang, NPG asia materials 2, 31–38 (2010). 
20. G. W. Hanson, J. Appl. Phys 104, 084314 (2008). 
21. T. Srivastava, A. Purkayastha and R. Jha, Opt. Quant. Electron 48, 334 (2016). 
22. M. Jablan, H. Buljan and M. Soljačić, Phys. Rev. B80, 245435 (2009). 
23. L. Wu, L. Jiang, Y. Xu, X. Ding and J. Yao, Appl. Phys. Lett. 103, 191111 (2013). 
24. X. Shen, T. J. Cui, D. Martin-Cano and F. J. Garcia-Vidal, PNAS 110, 40-45 (2013). 
25. F. J. Garcia-Vidal, L. Martín-Moreno and J. B. Pendry, J. Opt. A: Pure Appl 7, S97 (2005). 
26. B. Ng, J. Wu, S. M. Hanham, A. I. Fernández‐Domínguez, N. Klein, Y. F. Liew, M. B. H. 
Breese, M. Hong and S. A. Maier, Adv. Optical Mater. 1, 543-548 (2013). 
27. W. Zhu, A. Agrawal and A. Nahata, Opt. Express 16, 6216-6226 (2008). 
28. A. Pors, E. Moreno, L. Martin-Moreno, J. B. Pendry and F. J. Garcia-Vidal, Phys. Rev. Lett. 
108, 223905 (2012). 
29. A. I. Fernández-Domínguez, C. R. Williams, F. J. García-Vidal, L. Martín-Moreno, S. R. 
Andrews and S. A. Maier, Appl. Phys. Lett. 93, 141109 (2008). 
30. Q. Zhao, J. Zhou, F. Zhang and D. Lippens, Materials Today 12, 60-69 (2009). 
